Abstract: Dengue fever (DF) is a national health problem in Pakistan. It has become endemic in Lahore after its recent reemergence in 2016. This study investigates the impacts of climatic factors (temperature and rainfall) on DF transmission in the district of Lahore through statistical approaches. Initially, the climatic variability was explored using a time series analysis on climatic factors from 1970 to 2012. Furthermore, ordinary and multiple linear regression analyses were used to measure the simulating effect of climatic factors on dengue incidence from 2007 to 2012. The time series analysis revealed significant annual and monthly variability in climatic factors, which shaped a dengue-supporting environment. It also showed a positive temporal relationship between climatic factors and DF. Moreover, the regression analyses revealed a substantial monthly relationship between climatic factors and dengue incidence. The ordinary linear regression of rainfall versus dengue showed monthly R 2 = 34.2%, whereas temperature versus dengue presented R 2 = 38.0%. The multiple regression analysis showed a monthly significance of R 2 = 44.6%. Consequently, our study shows a substantial synergism between dengue and climatic factors in Lahore. The present study could help in unveiling new ways for health prediction modeling of dengue and might be applicable in other subtropical and temperate climates.
Introduction
Dengue fever (DF) is a viral disease that has become a major public health problem owing to a substantial rise in the incidence across the globe during the last couple of decades [1, 2] . According to the World Health Organization (WHO), 2.5 billion people are at risk of its infection worldwide [3] . A newly revised assessment showed that its burden has risen up to three times relative to the previous WHO estimates [4, 5] . Dengue virus (DENV) is primarily transmitted by a female mosquito Aedes aegypti [6] . DENV belongs to the genus Flavivirus, having four serotypes ranging from DEN 1 to 4, responsible for causing DF, dengue shock syndrome, and dengue hemorrhagic fever [7] . A vaccine (Dengvaxia (CYD-TDV) by Sanofi Pasteur) for dengue prevention was tested and registered in various countries, but the WHO considered it risky for seronegative individuals [8] [9] [10] . Due to the unsafe vaccine, prevention and controlling plans are the only considerable options to limit dengue.
Statement of the Problem
In Lahore, the ever-increasing dengue burden is an environmental issue, which needs effective research and policies for its eradication. In the perspective of learning from the past and keeping in view the reemergence of dengue, we conducted the present study by utilizing the previous climate and dengue epidemic data from the years 1970-2012 and 2007-2012 to investigate the dengue risk in relation to climatic variables. This study might be very helpful for the development of dengue risk assessment models based on statistics and can be a vital update to health risk controlling plans, especially for Lahore.
Materials and Methods

Study Area
The Study area of this research, "district Lahore" (Figure 1 ), is ranked as semi-arid climatic city district and is situated in the key group of climate category 'sub-tropical continental lowlands'. The climatic data of Lahore reflects the extreme climatic conditions in the city. Its temperature in summers is higher with rains from late monsoons [34] , with temperatures of up to 48 • C in May and June. The monsoon period in Lahore is from mid-July until mid-September [35, 36] . Dengue and its reemergence are critical factors, which urged us to choose Lahore as the study area. assessment models based on statistics and can be a vital update to health risk controlling plans, especially for Lahore.
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Data and Statistical Approaches
Two datasets were used for this study. Firstly, monthly dengue cases data during the period of 2007-2012 was obtained from the Directorate General Health Services Punjab (DGHSP) while climate data (Lahore station) of the period of 1970-2012 was collected from the Pakistan Meteorological Department (PMD). This research is divided into two sections; in the first section, climate change of Lahore is discussed, whereas in the second section, the impact of climatic factors on dengue was detected with the help of time series analysis and other statistical approaches.
The study investigated climate change and dengue-climate phenomena through time series analysis, which expresses a trend analysis [37] , ordinary linear regression analysis, and multiple linear regression analysis to reveal the long-term climate change and the relationship among climatic factors and dengue. Ordinary linear regression analysis was employed to show the evaluation of the unknown value of one variable from the known value of the other variable [38] . Mathematically, this relationship is expressed as Equation (1) 
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where 'b' represents the slope parameter, while 'a' is the intercept parameter, and 'e' represent residuals. These parameters were found using the least square procedure Equation (2), i.e.,
Dengue data from 2007 to 2012 (monthly data) was used for ordinary linear and multiple linear regression analyses [39] . The multiple regression analysis was utilized to compute the impacts of temperature and rainfall on dengue. We modeled the reported cases of dengue on the basis of climatic factors, i.e., temperature and rainfall [30] . For this purpose, we considered a multiple regression analysis between the dependent variable, i.e., dengue incidence (y), and the independent variables temperature (x 1 ) and rainfall (x 2 ). This relationship is expressed as Equation (3);
where a, b 1 , and b 2 were also estimated using the least square procedure and e j error term. To find out the variability of climatic factors (temperature and rainfall) and trend of dengue cases, time series analysis assisted to study the forecasting of future values of a time series from current and past values. It relates the actual performance and analyzes the cause of variations [39, 40] . These results were verified by the coefficient of determination (R 2 ), F-test, and p-values [30, 32] .
Results
Climate Change in Lahore (1970-2012)
We analyzed the long-term variability of climatic factors, i.e., temperature and rainfall (1970 to 2012) of Lahore district. The results of temperature and rainfall trends over this period are as follows.
Temperature
During the entire 43 years (1970-2012) , annual and monthly temperature trends were inclined to increase. Both annual mean maximum and minimum temperature were recorded as 25.63 • C in 2002 and 23.38 • C in 1983, respectively. The standard deviation (SD) is considered a useful technique here to show the variabilities in both temporal distributions. In the case of the annual distribution, the highest SD recorded was 8.04 in 2012, whereas the lowest was 6.66 in 1996 (Figure 2 ). In an overall monthly scenario, 34.27 • C and 13.45 • C were the maximum and minimum temperatures recorded in June and January, respectively. The highest SD was 1.76 in May and the lowest SD was 0.84 during August and September ( Figure 3 ). It is evident from the plots that there is considerable monthly variation and some decadal variability from year to year. 
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Rainfall
The variation in total rainfall from 1970-2012 shows a substantial change in both annual and monthly periods. The annual lowest total rainfall was 333.7 mm in 2002, whereas the highest was 1232.5 mm in 1997. In a temporal plot of SD, the highest SD of annual total rainfall was recorded as 184.96 in 1996 ( Figure 4 ). In the monthly distribution, the total rainfall recorded was 8441.80 mm. In this context, July had the highest overall total, whereas November had the lowest and August had the highest SD (126.32) ( Figure 5 ). Both temporal plots (annual and monthly) show a significant change from year to year and month to month. These findings suggest that climatic conditions of Lahore have been changing over the course of time. 
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The monthly average temperature, rainfall, and dengue cases recorded at study area (2007-2012) were 25.07 • C, 50.49 mm, and 239, respectively. The highest and lowest temperature recorded were 35.30 • C and 11.20 • C, respectively ( Table 1 ). The maximum total rainfall recorded was 1052.5 mm in August, and the minimum was 11.5 mm in November, while the maximum and minimum number The time series analysis revealed significant changes in the monthly rainfall during the study period (2007-2012) (Figure 6a ). The maximum rainfall was recorded from June to September. It also indicates that the total rainfall from 2007 to 2012 increased (positive slope 0.16). Seasonally, the slope in the given interval is much higher (positive slope 20.90) than the overall annual perspective (Figure 6b ). The total monthly temperature was decreased with slope −0.003 and seasonally increased by a slope of 0.62, respectively (Figure 7a,b) .
The monthly average temperature, rainfall, and dengue cases recorded at study area (2007-2012) were 25.07 °C, 50.49 mm, and 239, respectively. The highest and lowest temperature recorded were 35.30 °C and 11.20 °C, respectively ( Table 1 ). The maximum total rainfall recorded was 1052.5 mm in August, and the minimum was 11.5 mm in November, while the maximum and minimum number of dengue cases were 6433 and 4, recorded in the months of September and February, respectively ( Table 2) . The time series analysis revealed significant changes in the monthly rainfall during the study period The temporal variation of monthly reported dengue cases during 2007-2012 showed an increasing trend with a slope of 8.09 (Figure 8a) . A total of 16,497 DF cases were reported during the study years, while the highest number (n = 11,221) of dengue cases was reported during 2011 due to extreme rainfall during that year and suitable monsoon and post-monsoon temperatures. The lowest number of cases (n = 89) remained in 2009 due to considerably lower rainfall events. In every year, dengue cases showed a specific peak of incidence. Mostly, DF cases were reported during the monsoon and post-monsoon periods. During January-July, insignificant numbers of dengue cases were reported while the maximum numbers of cases were reported from August to December. DF dispersion reached the peak during September (n = 6433) and progressively showed an increasing trend from January to December, as shown in Figure 8b . This particular scenario reflects that temperature and rainfall are more seasonally intensive. This condition provides ideal grounds for dengue breeding and transmission during and after monsoon times.
extension was done only approximately, by choosing the amplitude C = 3214.5, to be half the difference of September and February of dengue incidence. Finally, the cosine curve needed to shift to the right for lining up well with the data. The maximum in the curve was set at t = 9 months (September) by introducing the phase shift of ∅1 = (t = 9). This showed the highest dengue incidence in November. The correspondence between the curve and the data was improved by using better estimators for the amplitude and phase of the cosine function. The data appears to be sinusoidal, executing a single full cycle over the course of the 12 months. Figure 8d illustrates the foregoing procedure using the total monthly dengue incidence for 2007-2012 at Lahore. The black line in the figure indicates a simple curve of 12 data points, with t = 1 indicating January, t = 2 indicating February, and so on. The overall mean monthly incidence of 1428 cases is indicated by a red line. The black curve in the figure shows this function lifted to the level of the total monthly dengue incidence and extended so that its range can be like that of the data series. The extension was done only approximately, by choosing the amplitude C = 3214.5, to be half the difference of September and February of dengue incidence. Finally, the cosine curve needed to shift to the right for lining up well with the data. The maximum in the curve was set at t = 9 months (September) by introducing the phase shift of ∅ 1 = 2πt 12 (t = 9). This showed the highest dengue incidence in November. The correspondence between the curve and the data was improved by using better estimators for the amplitude and phase of the cosine function. The data appears to be sinusoidal, executing a single full cycle over the course of the 12 months.
Impact of Climate Variables on DF
To examine the relationship between climatic factors and DF, we also employed ordinary linear and multiple linear regression analyses on the data of 2007-2012. The monthly average temperature and monthly rainfall were used as independent variables, whereas total monthly reported dengue cases were used as the dependent variable. For a temporal evaluation, a one-way analysis of variance (ANOVA) was utilized to see if each one of the climate factors differed significantly between times.
Ordinary linear regression was performed between monthly rainfall and dengue cases. The resulting slope is 14.659, and the intercept is 2456, which indicates the dengue cases increased with a positive slope (whenever rainfall increased) (Table 3, Figure 9 ). The model verification was judged using the coefficient of determination R 2 and F-test. The F-test represents the ratio of two means (i.e., F = MSS MSE ). This indicates that the positive slope 14.7 was well considered because of the p-value of <0.05 and the observed F-value of 22.85 (p = 0.00) which is higher than the critical value of the F-test (4.001) at n − 1 degree of freedom. The coefficient of determination showed 34.2% of model significance. Lai (2018) found a coefficient of determination of 13.8% between climatic variables and dengue cases [31] . As in Table 4 , the slope value is 371 and the intercept is −6213, which indicates that the monthly dengue incidence was also positively connected with monthly temperature (Figure 10 and Table 4 ). The result of the F-test was 25.79, suggesting a high significance of the model. As in Table 4 , the slope value is 371 and the intercept is −6213, which indicates that the monthly dengue incidence was also positively connected with monthly temperature (Figure 10 and Table 4 ). The result of the F-test was 25.79, suggesting a high significance of the model. positive slope (whenever rainfall increased) (Table 3, Figure 9 ). The model verification was judged using the coefficient of determination R 2 and F-test. The F-test represents the ratio of two means (i.e., F = ). This indicates that the positive slope 14.7 was well considered because of the p-value of <0.05 and the observed F-value of 22.85 (p = 0.00) which is higher than the critical value of the F-test (4.001) at n−1 degree of freedom. The coefficient of determination showed 34.2% of model significance. Lai (2018) found a coefficient of determination of 13.8% between climatic variables and dengue cases [31] . As in Table 4 , the slope value is 371 and the intercept is −6213, which indicates that the monthly dengue incidence was also positively connected with monthly temperature (Figure 10 and Table 4 ). The result of the F-test was 25.79, suggesting a high significance of the model. The observed model accuracy was 38.0% at a 95% confidence interval. The respective p value of <0.05 and F-test value of 25.79 also suggested the significance of the model. The comparative results of the multiple regression analysis showed a positive relationship between monthly dengue cases and climatic factors (temperature and rainfall) (Table 5, Figure 11 ). The coefficient of determination for this model is 44.6% which is significant at a 95% confidence interval with a p-value of <0.05. Karim et al. (2012) applied a significant multiple linear regression model between dengue cases and climatic variables. They found a coefficient of determination of 26.4% for the first model for the total data, 50.9% for the second model for one lag month, and 61.0% for third model with an average of two lag months [30] . and climatic factors (temperature and rainfall) (Table 5, Figure 11 ). The coefficient of determination for this model is 44.6% which is significant at a 95% confidence interval with a p-value of <0.05. Karim et al. (2012) applied a significant multiple linear regression model between dengue cases and climatic variables. They found a coefficient of determination of 26.4% for the first model for the total data, 50.9% for the second model for one lag month, and 61.0% for third model with an average of two lag months [30] . 
Discussion
Dengue has been evolving due to many factors, including ineffective disease and vector observations; insufficient public health infrastructures or organizations; an increase in population; unplanned and uncontrolled urbanization; and changing climatic conditions [41] . However, changing climatic conditions are considered as the major cause of its spread and emergence because dengue is largely dispersed in hot and humid areas of the world [42] [43] [44] [45] . In numerous studies, the close relationship between dengue and climatic factors was detected, especially in terms of their seasonal arrangements [43, [46] [47] [48] [49] [50] .
In the present study, we have utilized statistical approaches to find out the variability of climatic factors and their effects on dengue incidence in Lahore district. Previously, people have successfully used trend lines as a tool of prime importance to study the economic development, hydrological planning, and climate change of a country [39] . Therefore, we employed this technique to find the trend of temperature and rainfall in Lahore. We noticed that the trend line of climatic factors increased during the 43 years studied. This increasing trend line indicates that the climate is significantly changing in Lahore [27] . We observed that the temperature and rainfall were suitable for DF breeding and dispersal from monsoon to post-monsoon times. The post-monsoon time was especially significant because of a high incidence peak of DF during this particular phase every year (rainfall occurred earlier than dengue incidence). This seasonal suitability might have led DF to its climax during the highest incidence year, i.e., 2011. These results are in correspondence with a study in Mexico, which discovered that when the rainfall quantity became suitable, dengue incidence accelerated. The authors noticed that when it rose up to 550 mm, dengue was increased [51] . These changing climatic conditions have made Lahore district attractive for DF emergence. The results of our study are in line with other studies that also illustrate the positive influence of temperature and rainfall on reported dengue cases. As discussed above, dengue seems to have made a comeback in Lahore after 2011's massive epidemic. Climatic suitability might have played a greater role in its reemergence, but ever-decreasing governmental and public attention after 2011's epidemic may also have helped it. Our statistical results further confirm that the incidence of dengue is likely to increase in Lahore due to a positive change in these climatic factors. These findings are concurrent with previous studies, where the frequency and time with respect to temperatures and temperate rainfall seem to play an important role in sustainable dengue transmission [52] . Moreover, it is reported that dengue cases are more abundant during the rainy season because of the increasing formation of reproduction locations for mosquitos [41] .
Pakistan has a subtropical temperate climate ruled by the summer monsoon, which creates hot and humid conditions (especially post-monsoon). These post-monsoon conditions are considered very favorable for the dengue mosquito's (Aedes aegypti) replication and maturation. These favorable conditions are further complicated by a poor infrastructure, erratic water supply which forced the residents to store water in containers for domestic use, low educational status of the residents or high level of illiteracy, poor sanitation, and increase in population growth [53, 54] . Although these factors contribute significantly to the high mosquito density, the climate is the major factor that primarily controls the DF transmission.
Risk analysis of this kind is considered a fundamental step for other advanced analyses, e.g., an early warning system (EWS). It can help the DF controlling plans devised for the study area by the Government's public health departments. We encourage them to develop an EWS for an informed decision making against DF reemergence [55, 56] .
Conclusions
This study is comprised of the monthly as well as the annual variation of climatic factors (1970 to 2012) and their role in triggering the dengue disease from 2007 to 2012. The resultant significant highlights of various analyses performed are presented as follows:
i.
The annual and monthly mean temperatures increased to 25.07 • C with a standard deviation of 7.074. The rainfall also increased annually but decreased monthly from 1970-2012. ii.
During 2007-2012, the monthly total rainfall increased, while means of the monthly temperature decreased and dengue cases increased, respectively. iii.
Events of maximum total rainfall were recorded (2007-2012) during 2008, 2010, 2011, and the maximum dengue cases occurred during the years 2010 and 2011, as shown in Figure 8a ,b. The climatic factors, especially temperature and rainfall, affect several regions of the world, i.e., the environmental as well as the health sector. It is also known that rainfall provides a medium for the aquatic stages of the dengue mosquito's life cycle, while, in addition, the temperature provides optimum conditions for mosquitos to breed and multiply. The significance of analysis revealed that the incidence of the high peaks of dengue case was after the monsoon season in every year, and the climatic event, i.e., rainfall, occurred earlier than dengue incidence, as shown in Figure 8c . iv.
The results of ordinary linear and multiple regression analyses reveal a good relationship between dengue cases and climate variables; if rainfall increased then dengue cases also increased with a model accuracy of 34.2%. Dengue incidence also increased when the mean monthly temperature increased. Moreover, multiple regression also indicated a positive relationship between climatic factors and dengue cases, i.e., 44.6%. This model showed a significant increase in dengue when the temperature and rainfall increased. v.
If we further increase the number of climatic factors, i.e., humidity, sunshine, and emissions (environmental factors), then the model will be improved.
Finally, our assumptions conclude that climatic factors, i.e., both rainfall and temperature, enhanced the dengue incidence in densely populated areas like Lahore city. We here recommend to the researchers and policymakers to initiate auxiliary and future studies to develop the continuous and long-term sustainability of prediction accuracy, which will help to maintain the performance of a forecasting model. Furthermore, if more advanced research is initiated for turning the prediction model into a user-friendly or nontechnical equipped mechanism, such efforts can make it understandable for common users and will encourage them to extensively cope with dengue's threat. Funding: This research received no external funding.
